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Summary
• The fig tree–fig wasp obligate pollination mutualism has strong ancestral affini-
ties with tropical communities, but is present in much drier contemporary biomes,
especially at higher latitudes at the edge of their range. The extent to which adap-
tation to environmental variables is evolutionarily conserved and whether
environmental differences function in ecological speciation of the mutualism are
unknown.
• Here we use climate models and phylogenetic reconstructions to test whether
the Ficus–fig wasp mutualism has adapted and radiated into drier climates and led
to ecological speciation in both plant and insect.
• The results showed phylogenetic correspondence between closely related Ficus
species with either savanna, forest, or riparian habitat categories, were most
strongly explained by both climate and environmental variables. Rare episodes of
adaptation to dry apotypic conditions have resulted in substantial radiations into
savanna.
• Inferences were consistent with predictions of niche conservatism and support
the postulate that ecological speciation of the mutualism occurs, but under con-
trasting and intertwined circumstances among plant-pollinator adaptation and
tolerance to the environment.
Introduction
Co-dependent diversification is more often discussed in terms
of either reciprocal selective regimes between species (Ehrlich
& Raven, 1964), co-speciation (Fahrenholz, 1913), or as an
ecologically driven process (Jermy, 1976) where host diver-
sification generates possibilities for ecological speciation
(Schluter, 2000) in associates. Ecologically based selection
occurs as a consequence of the interaction between popu-
lations and their environment, but understanding how
environmental differences function in ecological speciation
remains limited (Rundle & Nosil, 2005). This is especially
true for synergistic interactions, such as obligate mutual-
isms, which predict parallel radiations (Kiester et al., 1984).
For mutualisms, it is expected that changing environmental
conditions will create different circumstances for each of
the species in the association (Holt & Keitt, 2000; Toju,
2008).
Associations exhibiting co-adaptation that are suspected
to have co-evolved have been proposed to have arisen in-
directly as a result of distribution patterns (van Noort &
Compton, 1996) that accentuate ecological interactions.
Conceivably, over time, changes in the distributions of the
interacting species may occur by range expansion into a
novel environment, or as an outcome of adaptive solutions
to the changing conditions and subsequent speciation
(Holt, 2003; Parmesan et al., 2005; Goldberg & Lande,
2007; Roy et al., 2009). Fragmentation or co-extinction
ensues in those instances in which the changing environ-
ment exceeds the physiological tolerance thresholds of the
organism (Dunn et al., 2009). Spatial variations in plant
species distributions are predominantly explained in terms
of climate and energy variables (Wright, 1983; Hawkins
et al., 2003; Currie et al., 2004; Costa et al., 2007).
Climate is therefore expected to strongly structure the
distribution of Ficus (Moraceae) among environmentally
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distinct biomes in addition to the physiological tolerances
(Warren et al., 2010) and dispersal capabilities (Ahmed
et al., 2009) of its obligate fig wasp pollinator (Agaonidae).
Ficus is a circumtropically distributed genus of c. 800
species including trees, epiphytes, hemi-epiphytes, litho-
phytes, and shrubs. There are in excess of 108 species
distributed in Africa and its adjacent islands (Berg, 1989;
Rønsted et al., 2007). About two-thirds of the African spe-
cies are associated with humid tropical lowland forest, with
higher species richness in West and Central African regions
(Kissling et al., 2007). South Africa possesses 32 known
Ficus species, with many belonging to the southern-most
constituent of the East African coastal forests (http://
www.figweb.org). At high latitudes at the boundaries of
their range, South African species are distributed over
distinct hydric to apotypic xeric biomes that vary in envi-
ronmental stability (Hély et al., 2006). The evolution of
climate tolerance and the biological invasion by the obligate
mutualism into apotypic conditions present in more arid
environments have not been empirically evaluated. One
way to do this is to test the hypothesis that groups of Ficus
species are associated with distinct habitat types and
climates.
Long-term field observations have shown that African
Ficus species are subdivided into groups that are affiliated
with habitats possessing contrasting climates. Unique
combinations of biotic or abiotic variables associated with
different environments have been used to describe a given
niche (Hutchinson, 1957). Conservatism of such an envi-
ronmental niche (e.g. Wiens & Graham, 2005; Pearman
et al., 2008) predicts correspondence of range limits among
closely related lineages (Roy et al., 2009). Whether habitat
affiliation strongly predicts niche requirements that deter-
mine natural groups among Ficus, and whether these are
congruent with phylogeny, remain unknown. Previous work
(Godsoe et al., 2009) has shown that diversification in the
yucca moth (Prodoxus quinquepunctellus)–Joshua tree (Yucca
brevifolia)–mutualism is not dependent on habitat special-
ization. This work was conducted at a spatial scale measured
in hundreds of kilometres and at a taxonomic scale between
two species only. However, conservatism of ecological asso-
ciations has been shown to vary between particular habitat
types or environments (Vinson, 1976; Jaenike, 1990;
Goldberg & Lande, 2006), but appears to be most apparent
at the community level (Losos et al., 2003; Ackerly et al.,
2006; Ricklefs, 2007; Losos, 2008). The fig wasp obligate
pollination mutualism (Janzen, 1979) is characterized by a
species-rich group that is widespread throughout the planet
and presents a larger geographic and taxonomic scale by
which to reveal abiotic mediated processes.
Species presence data combined with historical informa-
tion are useful for testing hypotheses linking environmental
variables, species ecology, and clade evolution (Case et al.,
2005; Thuiller, 2007). The aim of this study was to identify
the most limiting combination of climate and habitat
variables to which particular groups of Ficus are restricted
and reconcile these with clade evolution. The intensity of
the phylogenetic signal among species that share the same
environmental niche or habitat category is investigated
using ancestral reconstructions and divergence time esti-
mates and related to the emergence of these habitats in
Africa. We investigate the evolution of Ficus habitat affilia-
tion by testing predictions (Wiens & Graham, 2005) that
sister species have similar climate ⁄ habitat characteristics;
that derived clades will tend to be distributed over apotypic
climates; that the most ancestral character state for a habitat
will reflect the pleisiotypic conditions of the tropics; and
that species will track their climate ⁄ habitat regime where
ecological relationships are conserved but where geographi-
cal affinities are not.
Materials and Methods
Species sample
Estimates of Ficus species richness (Kissling et al., 2007)
closely coincide with that of species richness of woody
genera over sub-Saharan Africa (Lovett et al., 2000). Some
species are more abundant, and it is for these that habitat
categorization is possible, as a result of substantial observa-
tions made in Southern Africa over many years. Habitat
category affiliation is uncertain for rare species. Only species
for which reliable habitat records were available and that
had DNA sequence data available online were used for
phylogenetic reconstructions. Ficus cordata salicifolia is now
recognized as a species, Ficus salicifolia. Ficus thonningii has
been synonymized with Ficus burkei as Ficus burkei. We
have elected to retain the old nomenclature to be consistent
with herbarium records.
Habitat category classification
Classification of vegetation types is not without its problems
(Lawesson, 1994). However, biome sensitivity to climate
along coarsely defined forest–savanna vegetation boundaries
is most accurately recovered at geological scales (Vincens
et al., 2000; Hély et al., 2006). The general physical
appearance and diversity of biomes that are dominated by
angiosperm communities vary greatly among the regions of
the world, but can be categorized using physiognomic crite-
ria such as tree height, leaf size, and taxonomically
dominant family presence ⁄ absence (Jacobs, 2004). The
same criteria can be used to track the evolution of such
biomes that existed in the past and are represented in the
fossil record. We partitioned the presence data into six
habitat categories: (1) riparian in forest, (2) forest, (3) forest
and savanna, (4) riparian in savanna, (5) savanna and
(6) Succulent Karoo and desert. Forest communities are
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defined by varying conditions of precipitation periods,
diurnal temperature, and altitude, but more generally by
the presence of tall trees with overlapping canopies. The
composition of forest and savanna is more open, with smal-
ler trees whose crowns touch intermittently and a grass
understory, and again varies according to annual rainfall
and temperature regimes. Savanna has a reduced woody
component that varies along moisture gradients, and the
succulent and desert vegetation is characterized by extensive
arid and semi-arid rangeland with a grass component and
shrubby assemblages (Yeaton & Esler, 1990; Vincens et al.,
2000; Hély et al., 2006). Climatic and other landscape fea-
ture variables were optimized over each of the six habitat
categories.
Climatic variable optimization
Presence data for 26 Ficus species (Table 1) located in
South Africa (82% of known South African species), com-
prising a total of 2261 locality records, were compiled from
our own field trip records obtained between 1998 and
2010, and from the SANBI and PRECIS databases (avail-
able at http://posa.sanbi.org/searchspp.php). The species at
each locality collected during our field trips were identified
using morphological criteria and from the fig wasp fauna
which are extremely specific to each Ficus host species. No
records were used in the analyses where species identity was
not known. Several approaches were used to investigate
habitat category, climate, and environmental niche (vegeta-
tion and morphology) variables. The performance of
model-based methods for predicting species distributions
remains poorly known, and instead, extrapolating from
results over multiple approaches is recommended (Araújo
& New, 2007). Principal component analysis (PCA), a sta-
tistical tool for analysing data, and MAXENT (Phillips et al.,
2004, 2006), a program based on maximum entropy mod-
eling of species geographic distributions, were both used to
explore the relationships between Ficus species distributions
with environmental and climatic variables and correspond-
ing habitat categories. MAXENT uses a Bayesian approach in
which the species probability distribution is statistically esti-
mated by searching the family of probability distributions
under the maximum entropy criterion subject to environ-
mental constraints (Phillips et al., 2004, 2006). In this case,
the results from the MAXENT model were used to help to
explore Ficus habitat relationships statistically; MAXENT was
thus not used purely as a species distribution mapping tool.
Prior assumptions and beliefs and parameters were not used
in this case study; the results from the statistical and spatial
analyses were used to explore and reveal hidden aspects of
the relationship between Ficus species distributions and the
habitat categories. PCA was used to explore variable impor-
tance according to variance in the data; the MAXENT analysis
estimated the contribution of the variables to species occur-
rence; and the Jackknife test examined the importance of
the variables to species occurrence. Cluster analyses of both
PCA and MAXENT results were used to infer the Euclidian
distance relationships among habitat categories.
Data for a range of seasonal variables, and vegetation and
biome data (Mucina & Rutherford, 2006; Schulze, 2007)
were used to investigate the contributions and relative
importance of climatic and niche variables in explaining the
presence of Ficus. The climatic and environmental variables
comprised spring mean daily maximum temperature,
spring mean daily minimum temperature, spring mean
rainfall, spring mean solar radiation, spring mean tempera-
ture, summer mean daily maximum temperature, summer
mean daily minimum temperature, summer mean rainfall,
summer mean solar radiation, summer mean temperature,
autumn mean daily maximum temperature, autumn mean










Sample size 181 263 237 163 1292 125
Species richness 3 2 5 3 12 2
Habitat area (km2) 34 900 94 900 50 400 59 600 129 000 88 800
Species F. bizanae F. sur F. bubu F. capreifolia F. abutilifolia F. cordata cordata
F. craterostoma F. trichopoda F. burtt-davyi F. sycomorus F. burkei F. ilicina
F. polita F. lingua F. verruculosa F. cordata salicifolia
F. lutea F. glumosa
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daily minimum temperature, fall mean rainfall, fall mean
solar radiation, fall mean temperature, winter mean daily
maximum temperature, winter mean daily minimum tem-
perature, winter mean rainfall, winter mean solar radiation,
and winter mean temperature; and also biome, vegetation
group, altitude, morphology, South African rainfall concen-
tration and rainfall seasonality. Solar radiation, vegetation
group, and morphology were included and excluded from
different analyses to assess the relative importance of these
variables in explaining species distributions. These variables
were chosen in consideration of South Africa’s unique environ-
mental conditions (Guo et al., 2009, 2010).
The temperature and rainfall variables were needed to
calculate the climate niche of the Ficus species belonging to
each of the habitat categories. All four seasons of the year
were considered separately in climate analyses rather than
using the annual mean, as seasonality is known to influence
biota in South Africa (Hély et al., 2006). Rainfall concen-
tration indicates whether the rainfall season is concentrated
over a shorter or longer period (Schulze, 2007). The vari-
able ‘biome’ refers to a broader division of the vegetation of
South Africa (e.g. forest, desert, Nama-Karoo, Fynbos, and
grassland), and ‘vegetation group’ to a finer division (e.g.
Azonal Forests, Mopane Bioregion, and Sand Fynbos).
These variables provide a benchmark for determining
whether the presence of Ficus species is influenced by the
ambient vegetation community. Altitude (height) and mor-
phology (e.g. plains, hills, mountains, lowlands, and pans)
are included as a constraint on the modeling of the climatic
niche alone and provide an indication of landscape affinities
(Guo et al., 2009, 2010).
Phyloclimatic modeling
Sequence data for up to 767 bp of a ribosomal internal
transcribed spacer (ITS) and up to 479 bp of an external
transcribed spacer (ETS) were retrieved from GenBank
(Jousselin et al., 2003; Rønsted et al., 2007: Table S1). We
also amplified ITS and ETS regions for new specimens of
Ficus ilicina, Ficus cordata cordata, and a variety of Ficus
sycomorus whose sequences have been lodged in GenBank
under the accession numbers HM746955 to HM746960.
We amplified DNA using the protocol detailed in previ-
ous work (Rønsted et al., 2007). Phylogenetic inferences
incorporated 34 ingroup Ficus species that comprised repre-
sentatives of each of the subsections present in Africa for
which sequence data were available. No outgroup taxa were
used and rooting the tree was achieved by a posteriori sister-
clade matching to conform to the more comprehensively
sampled inference of Rønsted et al. (2005). Phylogenetic
reconstructions were implemented using MRBAYES 3.1.1
(Huelsenbeck & Ronquist, 2001) and PAUP*4.0b10
(Swofford, 2002). The Bayesian analyses partitioned the
sequence data into ITS and ETS. A general time-reversible
DNA substitution model was used with gamma-distributed
rates with a proportion of invariant sites. Posterior probabil-
ities and mean branch lengths were derived from 35 000
trees sampled every 1000 trees from generations 5 to
40 million. The trees were derived from post-burnin
generations that had reached apparent stationarity.
Convergence was assessed by plotting the post-burnin gen-
eration log likelihoods to assess the point in the chain where
stable values were reached and with the standard deviation
of split frequencies of successive runs. All Bayesian recon-
structions were run four times to verify consistency of
phylogenetic inferences. Parsimony was used to test the
robustness of the partitioned model-based phylogeny and
implemented using PAUP*. The parsimony analyses con-
sisted of 1000 bootstrap replicates using a full heuristic
search, keeping best trees only with branch-swapping by
stepwise addition using 100 random additional sequences,
holding five trees at each step to calculate bootstrap
support.
Divergence dating and calibration
To estimate a relaxed molecular clock chronogram, we used
BEAST (Drummond & Rambaut, 2003), a Bayesian
Markov chain Monte Carlo (MCMC) analysis, to test evolu-
tionary hypotheses without conditioning on a single tree
topology. This approach calculates node height (age) sum-
mary distributions that represent 95% upper and lower
highest posterior density intervals around the mean node
height. The Bayesian consensus tree was used as a reference
to define monophyletic taxon subsets, using BEAUTI v.1.4.8
(Rambaut & Drummond, 2007a), of nodes supported with
> 95 posterior probabilities. The Yule pure-birth constant
speciation rate per lineage was assumed. We specified a
gamma + invariant sites DNA substitution model to con-
form to our Bayesian inference priors, and selected a relaxed
clock uncorrelated lognormal model. Analysis was under-
taken by sampling every 1000th generation of a 20 · 106
generations MCMC chain with a burnin of 1 · 106 genera-
tions. The consensus chronogram was generated using
TREEANNOTATOR v.1.4.8 (Rambaut & Drummond, 2007b).
To calibrate the chronogram, we used priors as reported by
Rønsted et al. (2005). Ficus section Galoglychia, which is
restricted to Africa and estimated to have originated c.
40 Ma, shares a common ancestor, dated at 60 Ma, with
sections Sycomorus and Urostigma, which have a more exten-
sive distribution encompassing both the Afrotropical and
Indo-Australasian biogeographical regions (Rønsted et al.,
2005). We set a 60 Myr normally distributed prior at the
split between sections Galoglychia and Sycomorus ⁄ Urostigma
(the root) to infer a maximum clade credibility chronogram.
Alternative hypotheses for the origin of the most recent
common ancestor of these sections were also considered:
Machado et al. (2001) estimated this split at c. 82 Myr and
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for the pollinating fig wasps associated with these Ficus sec-
tions, Lopez-Vaamonde et al. (2009) dated the divergence
at c. 114 Myr.
Ancestral habitat reconstructions
To explore alternative assumptions regarding character evo-
lution, ancestral habitat states were inferred using
parsimony-based reconstructions performed using
MACCLADE v.4.0.6 (Maddison & Maddison, 2000) and
Bayesian approaches implemented using BayesTraits (Pagel
et al., 2004; http://www.evolution.rdg.ac.uk). A parsimoni-
ous model of character evolution was used to infer ancestral
states that minimize parameterization. The parsimony-
based approach does allow weighted analyses that assume
different state transformation types, but is limited in the
manner in which discrete vs continuous characters may be
treated. Our habitat categories include ‘intermediate’ states
that include elements of more than one habitat category,
and this is in line with recoding discrete states to mimic
continuous characters for analysis using MACCLADE. We
chose to implement the ‘unordered’ transformation prior
that assumes transformations between any two states can
occur in a single step (Maddison & Maddison, 2000), as no
information was available to suggest that a more complex
model was appropriate here. The reconstruction of ancestral
character states associated with Ficus is problematic because
of phylogenetic uncertainty and the potential for frequent
hybridization and substantial levels of ancestral polymor-
phism shared across recently diverged species (Machado
et al., 2005; Renoult et al., 2009). Unlike MACCLADE,
Bayesian approaches offer an opportunity to account for
phylogenetic uncertainty and consider branch length differ-
ences among lineages that provide information about the
expected amount of character change. The logic of the
Bayesian approach for the model of trait evolution applies
to both discrete and continuously varying traits (Pagel
et al., 2004).
We tested the hypothesis that each of the six categories
was phylogenetically structured or conserved. Although
Ficus species sampling was nonexhaustive (82% of known
species) and slightly underrepresented the potential total
number of South African species, we expected general pat-
terns of ancestral character evolution to be informative,
especially for the Afrotropical-restricted section Galoglychia.
The BayesMultiState function in BayesTraits was used to
reconstruct and test how habitat categories evolve on our
Bayesian consensus phylogeny. BayesMultiState permits
character states to vary their rate of evolution within and
between branches and allows integration over different
models among the transformation rates using the reverse
jump hyperprior MCMC function. The marginal likeli-
hoods associated with different states at each node are
estimated as the model traverses the trees. The approach
employs an acceptance rate that indicates the appropriate-
ness of the model parameters. Several sets of combinations
of priors were tested before the priors were chosen.
Acceptance rates of the chosen prior values were all within
the recommended 20 to 40% bounds. A rate deviation prior
of 40 was used with the reverse jump hyperprior (RJHP)
function with a gamma prior of 0, 10, 0, 10 (minimum and
maximum of priors for both mean and variance para-
meters). Although our Bayesian consensus is well resolved
and well supported over deeper divergences, uncertainty in
node support was accommodated by evaluating ancestral
character reconstructions over a sample of post-burnin
phylograms (n = 500) from the MRBAYES Markov chain.
We used 50 · 106 iterations sampling every 1000th genera-
tion with a burnin of 40 · 106 iterations to estimate
character state probabilities for selected nodes.
Results
Climatic niche modeling
Climatic variables were optimized over six habitat categories
to compare the intensity of phylogenetic habitat conserva-
tism among Ficus species. Variable contributions were
modeled using a Bayesian approach that calculated the per
cent contribution of each variable and a jackknife estimation
of the importance of the variables in explaining the habitat
categories (Table 2). Only the first four variables contribut-
ing to any given habitat category were reported, after which
a sharp drop-off in the importance of variables generally
occurred. In all cases, each habitat category was explained
by contrasting sets of climatic (Supporting Information
Fig. S1–S3) and environmental variables (Table 2). Initial
model runs indicated that solar radiation was generally the
most important variable that influences the relationship
between Ficus species distributions and habitat categories
(Table 2). Excluding solar radiation variables in later model
runs revealed that different habitats had different seasonal
rainfall and temperature requirements. Solar variables were
important in all habitat categories except desert. Without
solar radiation variables, ‘rain’ became most important in
explaining the presence of Ficus in wet ⁄ dry habitat extremes,
but temperature variables tended to be more important to
the ‘intermediate’ habitats, especially ‘forest and savanna’
and ‘riparian in savanna’. Ficus species presence responded
to different seasonality variables depending on which habitat
category they fell into.
Landscape ‘morphology’ features such as hills, plains, and
pans strongly explained the presence of Ficus in the
‘Succulent Karoo and desert’ and ‘savanna’ habitats.
Morphology (landscape features such as hills, mountains,
and plains) was a variable that was more important in
explaining habitat preference in ‘savanna’ and ‘Succulent
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rocky outcrops and hills were the typical landscape features
that F. ilicina and F. cordata were found to be associated
with, without exception. ‘Vegetation’ was also an important
variable and supported the supposition of affiliation at the
community level. The logistic prediction of the occupancy
of the observations in the six Ficus habitats (Fig. S2) showed
that the Ficus species in the ‘forest’ habitat tended to be
more clustered and to populate the habitat more densely,
and the ‘Succulent Karoo and desert’ habitat was more
sparsely populated. The other Ficus species in the four
remaining habitat categories tended to be more uniformly
spread over their individual habitats, but also included some
sparse and densely populated regions in the landscape.
Estimates of the area each habitat category covered
(Table 1) indicated that ‘savanna’ (129 000 km2) was the
most extensive and included the most species sampled. This
relationship was not true for the next two largest areas of
‘Succulent Karoo and desert’ and ‘riparian in forest’, which
had the lowest number of Ficus species sampled. ‘Forest’
habitat was the most depauperate. The ratio of the number
of samples in each habitat category to the number of species
belonging to that category was similar across habitats. The
characteristics of the sample reflects the observation that a
large proportion of South Africa’s Ficus species are adapted
to the drier conditions of savanna rather than forest habi-
tats; a function of both habitat occurrence and prevalence
in South Africa. The geographic distributions of each
habitat category showed considerable overlap, except for
‘Succulent Karoo and desert’, which clearly had allopatric
relationships to mesic and hydric regions (Fig. 1). Although
geographic distribution overlap was broadly apparent, sub-
tle variations were found to exist. For instance, ‘riparian in
savanna’ does not extend to the southwest, ‘savanna’ domi-
nates large areas in the north, ‘forest’ is more fragmented,
and ‘forest and savanna’ is poorly represented in the north
and extends well to the southwest. ‘Riparian in forest’ is per-
haps the most broadly distributed through the latitudinal
gradient. The habitat categories indicate a continuum from
hydric to xeric climates. Euclidian distance relationships
among habitat categories shown in the cluster analyses
(Fig. 2) indicate greatest disparity between the ‘for-
est’ ⁄ ’riparian in forest’ and ‘savanna’ ⁄ ’Succulent Karoo and
desert’ categories. ‘Forest savanna’ and ‘riparian in savanna’
are ‘intermediate’ between the wetter and drier states. These
relationships showed a transitional trend between habitat
categories and as such represent degrees of similarity and
dissimilarity amongst them.
Phyloclimatic reconstructions
Parsimony and Bayesian phylogenetic inferences (Fig. 3)
were robust to one another at most deep divergences and
for some crown clades. The four post-burnin Bayesian con-
sensus trees from four separate runs produced consistent
results with polytomies present. The topology is consistent
with a phylogeny of Galoglychia inferred by Rønsted et al.
(2007) and recovers monophyletic Ficus subsections,
apart from F. ilicina which is polyphyletic to other
Table 2 Percent contributions of variables derived from MAXENT that explain habitat categories with and without the inclusion of the variable
solar radiation (upper table) and jackknife tests showing variable importance with and without the inclusion of the variable solar radiation
(lower table)
Forest Riparian in forest Forest and savanna Riparian in savanna Savanna
Succulent
Karoo and desert
MAXENT percent contribution (%)
With solar and
vegetation group
Spr srad 33.2 Spr srad 32.8 Spr srad 54.3 Spr srad 34.5 Sum srad 26.4 Veg group 22.8
Veg group 17.7 Sum srad 19.0 Aut min temp 13.9 Spr min temp 18.2 Spr min temp 24.8 Sum rain 22.1
Aut rain 15.3 Aut min temp 10.5 Veg group 5.3 Win min temp 14.5 Sum rain 19.0 Spr rain 12.6
Sum rain 12.4 Spr rain 7.5 Aut rain 4.8 Win srad 8.4 Morphology 6.9 Spr min temp 8.2
No solar and
vegetation group
Aut rain 27.9 Win min temp 28.5 Win min temp 28.0 Win min temp 39.5 Spr min temp 32.0 Sum rain 31.5
Spr rain 18.6 Spr rain 27.3 Spr rain 24.5 Spr min temp 19.6 Sum rain 23.3 Morphology 14.7
Sum rain 18.5 Sum max temp 12.4 Aut min temp 12.8 Sum rain 14.2 Spr rain 15.8 Spr rain 12.1




Veg group Spr srad Spr srad Spr srad Veg group Veg group
Spr rain Sum srad Veg group Veg group Sum srad Sum rain
Spr srad Veg group Win min temp Spr min temp Spr min temp Spr rain
Aut rain Spr rain Aut min temp Sum srad Sum rain Aut rain
No solar and
vegetation group
Spr rain Spr rain Win min temp Spr min temp Sum rain Sum rain
Aut rain Win min temp Aut min temp Aut min temp Spr min temp Aut min temp
Sum rain Aut rain Spr rain Win min temp Spr rain Aut rain
Win min temp Aut min temp Aut rain Win max temp Win max temp Spr rain
Color coding indicates variables that are related to: temperature (orange); rainfall (blue); solar radiation (yellow); vegetation group (green);
and landscape morphology (purple). Only the four highest contributions are recorded for each analysis. spr, spring; sum, summer; aut, autumn;
win, winter; srad, solar radiation; veg, vegetation; min, minimum; max, maximum.
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Chlamydodorae, and Ficus stuhlmannii which clusters with
Chlamydodorae instead of subsection Platyphylla (but see
Renoult et al., 2009). Ficus ilicina is unusual in that it
is distributed entirely within arid biomes and therefore
possibly subject to uncharacteristic evolutionary rates that
potentially resulted in long-branch attraction bias with dis-
tantly related species. If the positioning of F. ilicina is an
artefact of saturation effects, and it instead actually groups
with Chlamydodorae inferred to have arisen during the Late
Miocene, findings are still consistent with a more recent
origin for this desert lineage. Ficus stuhlmannii occurs in
savanna, as do most of the adjacent lineages, and should not
strongly influence ancestral reconstruction results.
Subsections Platyphylla and Chlamydodorae cluster as sister
clades, as does subsection Caulocarpae with subsections
Crassicostae ⁄ Cyathistipulae ⁄ Galoglychia, which is consistent
with previous inferences. Unresolved polytomies present in
several crown groups possibly represent rapid diversification
episodes (Slowinski, 2001) where negligible substitution
differentiation has occurred over a relatively short time for
at least some derived divergences, in particular those within
the Chlamydodorae. Interestingly, Ficus thonningii (now
synonymized as F. burkei) and F. burkei are inferred to be
paraphyletic, as is the variety of F. sycomorus collected from
Uganda and the other sample from Tanzania. These
species-level divergences are greater than expected and
might indicate that genetic drift between central-western
and eastern forests also have substantial influence on the
evolution of Ficus and the mutualism.
The dated phylogeny (Fig. 5) was reconstructed by con-
straining clades to well-supported nodes of the topology of
the Bayesian consensus tree (Fig. 3) with an age prior of
60 Myr for the split between sections Sycomorus ⁄ Urostigma
and section Galoglychia. Ancestral habitat states are given
for particular lineages (Fig. 4) and nodes (Fig. 5) for parsi-
mony and Bayesian analyses, respectively. Relative
probability state occurrences for the Bayesian reconstruc-
tions are reported in Table 3. Parsimonious and Bayesian
ancestral state reconstructions were compatible at the nodes
of major stem clades B and E. The origins of clade B were
inferred to have been associated with ‘savanna’ and clade E
with ‘forest’. Within these two clades, transitions from both
the ‘forest’ and ‘savanna’ categories to the ‘forest and
savanna’ category were common (Fig. 4). State transitions
from ‘forest’ and ⁄ or ‘savanna’ to ‘Succulent Karoo and
desert’ occurred once only in each of two different crown
clades.
Bayesian ancestral reconstructions that accounted for both
phylogenetic uncertainty and rate heterogeneity in character
evolution showed that a phylogenetic signal was evident for
better represented subsections. Both parsimonious and
Bayesian reconstructions showed a substantial phylogenetic
signal between Ficus belonging to Chlamydodorae and
the ‘forest and savanna’ habitat category, and between
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Fig. 1 Projections of Ficus presence for species affiliated with
different habitat categories.
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Fig. 2 Dendrograms showing relationships between habitat
categories derived from a cluster analysis that used similarity
matrices based on Euclidian distances from percentage value
transformation of MAXENT (a) and log-contrasted principal
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Platyphylla and the ‘savanna’ habitat. The subsections
Caulocarpae and Galoglychia are most strongly associated
with ‘forest’. However, sister species rarely show the same
habitat category affiliation, suggesting speciation in these
cases is a result of adaptation to changing climate and habitat
change (Fig. 5). Although sister-species associations with
different habitat categories are common, the climate varia-
tion between each one is not radical, but rather ‘transitional’
through hydric to xeric gradients (Fig. 2). Ficus ingens and
F. cordata, which belong to section Urostigma, are species
distributed in savanna and desert, respectively. Sister-clade
lineages of F. ilicina and F. usambarensis of section
Galoglychia have also adapted to desert and savanna condi-
tions, respectively, although this could be an artefact of
long-branch attraction. The most substantial transitions
between states of the climate gradient are represented by sis-
ter-species F. trichopoda and F. glumosa and again F. tremula
and F. ottoniifolia. The distributions of these sister-species
groups are geographically proximal. There are no sister-
species transitions that broach the extremes of the hydric–
xeric climate gradient. The only other riparian species within
section Galoglychia, Ficus trichopoda, groups with mainly
‘savanna’-affiliated subsection Platyphylla. Riparian habitat
is also associated with Ficus lineages belonging to section
Sycomorus (Fig. 5).
The divergence estimates are presented according to
several hypotheses for the split between sections Sycomorus ⁄
Urostigma and Galoglychia (Fig. 5). The ‘Succulent Karoo
and desert’-affiliated species F. ilicina and F. cordata are
relatively divergent lineages that belong to different sub-
sections appearing in the vicinity of the late Miocene. Both
the ‘forest’ and ‘savanna’ categories were present at the
beginning of the Miocene and species affiliated with the
‘forest and savanna’ habitat category are evident thereafter.
A phylogenetic signal is evident for the endemic
Afrotropical section Galoglychia. Where clades were comprised
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Fig. 4 Ancestral character state reconstructions using parsimony
with unordered (left) and ordered (right) state transition priors for
habitat types indicated in the key (upper left). Bold capital letters at
nodes refer to nodes reconstructed using a Bayesian approach
shown in Fig. 5. Terminal branch taxon codes (bold text) indicate
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Fig. 3 Consensus phylogeny generated using MRBAYES, showing the
posterior probability (above branches) and bootstrap support (below
branches in bold) of a parsimony reconstruction. Ficus species
subsection and section (caps) affiliations are indicated by vertical
bars on the right. Asterisk indicates species not known to be present
in South Africa and having West ⁄ Central African distributions, with
the exception of Ficus usambarensis, which is more centrally
distributed (http://www.figweb.org). Open circles indicate internal
nodes where ancestral reconstructions were inferred.
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Cyathistipulae, and Galoglychia) and at deeper nodes,
equivocal ancestral state estimates are indicated. These
have probably resulted from the absence of many known
extant and closely related non-African lineages (see Rønsted
et al., 2005), and a suitable outgroup for estimating the
most recent common ancestral character state of section
Galoglychia.
Discussion
These analyses together support the prediction that, of the
two major clades belonging to the Afrotropical section
Galoglychia, one had its origin in forest and the other in
savanna environments. The two clades arose more or less
concurrently, regardless of the absolute timing of diver-
gences. The habitat state of the most recent common
ancestor of these clades is equivocal. More recently, adapta-
tion to a desert environment occurred in a lineage having
ancestral affiliation with forest habitat. Adaptation of lin-
eages within each of the two major Galoglychia clades to an
intermediate habitat state possessing elements of both forest
and savanna was common and appeared some considerable
time after the evolution of each of these habitat types. Both
lineages associated with inferred transitions to desert habitat
have sister lineages associated with savanna. Rapid state
transitions between hydric and xeric habitat extremes were
absent. Riparian habitats were more strongly represented
within section Sycomorus and extremely rare within section
Galoglychia. Our habitat categories are generally concordant
within the crown clades of section Galoglychia in particular
and tend to be phylogenetically conserved as transitions
mostly occur between intermediate habitat categories, with
infrequent episodes of adaptation to very arid environ-
ments.
Niche modeling analyses emphasized that water–energy
and environmental variables are important in explaining the
occurrence of Ficus in South Africa. The relative contribu-
tions of these variables differed among habitat categories,
and not all habitat categories existed contemporaneously.
This work shows that daughter and parent habitat types can
be geographically proximate as a result of environmental
heterogeneity at relatively small scales. Additionally, but
more recently, Ficus associated with more distinct niche
dimensions are also separated at larger geographic scales.
Our results support co-occurrence of clades more strictly
affiliated with either forest or savanna, and indicate that a
transition to an environment possessing elements of both
habitat types could only occur much later, when this
‘mixed’ habitat type had evolved. The same can be said for
transitions to truly arid environments. Lineage adaptation
to apotypic arid environments has occurred independently
in sections Urostigma and Galoglychia, relatively soon after
the evolution of these biomes.
Broadly overlapping geographic distributions of most
habitat categories and the geographically distinct arid
environment suggest a possible avenue to habitat transfor-
mation by Ficus. Habitat transformation might occur in the
Table 3 Relative probabilities of ancestral habitat-type character
states generated using BayesTraits BayesMultiState
Habitat ⁄ node code A B C D E F G H
Succulent
Karoo and desert
0.06 0.10 0.07 0.12 0.11 0.17 0.13 0.17
Savanna 0.17 0.43 0.66 0.23 0.12 0.24 0.10 0.18
Riparian in savanna 0.06 0.10 0.07 0.11 0.09 0.12 0.37 0.17
Forest and savanna 0.54 0.17 0.07 0.17 0.16 0.13 0.12 0.16
Riparian in forest 0.06 0.10 0.08 0.11 0.09 0.12 0.14 0.16
Forest 0.11 0.10 0.06 0.25 0.43 0.22 0.14 0.16
The highest probability for nodes A to H is indicated in bold text.
Node codes relate to those given in Figs 3–5.
Succulent Karoo & desert (D)
Forest (F)
Riparian in forest (FR)
Savanna (S)
Riparian in savanna (SR)
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Fig. 5 A log normal relaxed clock chronogram generated using
BEAST with open horizontal bars that represent the 95% upper and
lower highest posterior density intervals around the mean node age.
The pie charts at each of these nodes show the probability of the
presence of each state at that node. Terminal branch taxon codes
(bold text) indicate habitat category affiliation (see key; top left).
Alternative dating hypotheses for the origin of the split between
Urostigma and Sycomorus (the root) are indicated on the scales as:
H1, Rønsted et al. (2005); H2, Machado et al. (2001); and H3,




 2011 The Authors
New Phytologist  2011 New Phytologist Trust
New Phytologist (2011) 191: 210–222
www.newphytologist.com
same geographical vicinity, rather than by long-distance dis-
persal between distinct environments, over a substantial
period of environmental change. Daughter species might
possess polymorphisms that permit occupation of an apo-
typic environment, from which parent species have
retreated along with a plesiotypic environment. For exam-
ple, F. craterostoma and F. trichopoda are inferred to share
common ancestry with a lineage in the savanna, yet are
found in montane forest and riparian forest, respectively;
and speciation of sister species in section Caulocarpae associ-
ated with disparate habitat types is likely to be a result of
adaptation to climate ⁄ habitat change on the periphery of
the parent species’ distribution. At any given time, at spe-
cies’ boundaries the mutualism might be more vulnerable
to disturbance that is propagated by ecological interactions.
Gene flow restriction and reproductive isolation mecha-
nisms are probably enhanced by shifting mosaics of species
boundaries, and this has led to ecologically facilitated speci-
ation within the mutualism. For instance, behavioral and
physiological differences between two fig wasp pollinator
species have been shown to confer dissimilar geographic
utilization of the same Ficus species (Warren et al., 2010),
even though dispersal capabilities are considerable (Ahmed
et al., 2009).
The geographical origins of Ficus are uncertain, but
current hypotheses point to either a Neotropical or an Asian
area of ancestry (Machado et al., 2001; Lopez-Vaamonde
et al., 2009) during the late Cretaceous to mid-Eocene
(Zerega et al., 2005). Most data are consistent with a
Gondwanan origin, but recent alternative lines suggest that
the origin was in the Old World (Lopez-Vaamonde et al.,
2009). Vicariance ⁄ dispersal explanations for cosmopolitan
Ficus occurrence are complex (Gheerbrant & Rage, 2006).
Divergent selection between habitat categories inferred in
this study has arisen allopatrically and sympatrically among
populations occupying different or overlapping and adjacent
environments, respectively. Cycles of contact, fragmentation
and secondary contact between major African forest habitats
are proposed to have allowed expansion of species under
favorable biotic conditions and subsequent speciation via
vicariance during fragmentation when conditions become too
severe (Jacobs et al., 1999; Burgess et al., 1998; Couvreur
et al., 2008). This process has created complex evolutionary
diversification scenarios, which have produced for contem-
porary patterns of African floral and faunal endemism.
The dating of Ficus and fig wasp cladogenesis remains
controversial (Lopez-Vaamonde et al., 2009). In previous
work, dating estimates have been subject to the properties
of particular molecular markers, different dating estimate
approaches, and underlying assumptions drawn from the
belief in co-cladogenesis of agaonid pollinator and Ficus
lineages. Extrapolating from divergence dates based on
pollinator phylogeny to imply the timing of Ficus clado-
genesis, or vice versa, might be spurious because of the
potential for host species switching (Machado et al., 2005;
Jackson et al., 2008), phylogenetic uncertainty (Renoult
et al., 2009), and the choice of model and analysis priors
(Lopez-Vaamonde et al., 2009). Several hypotheses explain-
ing the absolute timing of Ficus diversification have been
proposed (Machado et al., 2001; Rønsted et al., 2005;
Zerega et al., 2005; Lopez-Vaamonde et al., 2009) and sug-
gest that agaonids originated some time between the late
Cretaceous and the Tertiary. In this study, Afrotropical
Ficus species are contended to have originated in the tropics
between 110 and 60 Ma and to have gradually adapted to
drier habitats of savanna through the Miocene and to desert
thereafter. Ficus species have adapted to environmental con-
ditions that represent a substantial departure from those of
their ancestors. Generally there is substantial overlap in con-
fidence intervals among the aforementioned studies, and
this work indicates a timeline that is consistent with the
appearance of specific habitat categories.
Gradual adaptation to generally drier environments and
rare episodes of transitions to truly arid environments
frames contemporary patterns of Ficus species richness,
which is highest in the tropics of West and Central Africa
and diminishes toward higher latitudes in South Africa
(Kissling et al., 2007). The appearance of savanna and even
more arid biomes in Africa was consistent with the origins
of lineages associated with these habitats presented here.
During the late Palaeocene 60 Ma, it is believed that low-
land tropical forests dominated in Africa (Axelrod & Raven,
1978). The appearance of grasses and legumes (wood) in
fossil records, including the presence of families known to
comprise forest communities, occurred during the
Palaeocene epoch (Jacobs, 2004). Subsequent drying frag-
mented continental tropical forest coverage (Prothero,
1994; Zachos et al., 2001). Grass abundance increased
between 23 and 16 Ma and was widespread by 8 Ma
(Jacobs, 2004; Bobe, 2006). Several hypotheses explaining
the evolution of habitat affiliation by Ficus are consistent
with these patterns. The tropical conservatism hypothesis
described by Wiens & Donoghue (2004) proposed that
species richness is an outcome of clades originating in the
tropics, and having had considerable time to speciate, being
dispersed beyond tropical biomes where adaptation to drier
climates is restricted and therefore rare. Ficus species associ-
ated with savanna appear to predominate in the richness
patterns in southern Africa, and this trend is consistent with
these distributions occurring over drier high latitudes at the
edge of their range. Furthermore, Wright (1983) argued
that plant richness was limited largely by water–energy
availability and Hawkins et al. (2003) extended this
hypothesis by showing that water or energy variables
can contribute differentially between tropical and cooler
biomes.
It is clear that rainfall variables are necessary in explaining
the occurrence of Ficus in all habitat categories, but are
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particularly important in wet tropical and dry desert envi-
ronments. Energy variables become more prominent in
explaining Ficus occurrence in riparian and savanna habitat.
Ficus growth form and habit in these distinct environments
suggest that energy–water trade-offs (Hao et al., 2010)
between biomes are quite different. This is possibly
accounted for by landscape features, as much as climate,
where species can be located adjacent to watercourses or
away from the influence of canopy cover. Landscape fea-
tures, which have been shown to be important in explaining
desert and savanna distributions, might increase catchment
and contribute to the ability of Ficus to access water in
otherwise dry environments. Common association of ripar-
ian habitat categories with lineages belonging to section
Sycomorus, which is not restricted to Africa, appears to be an
evolutionarily conserved feature of a niche that might be
typical of their ancestral environment, which permitted the
widespread occurrence and extreme longevity of this line-
age. Riparian species presumably are more resilient to
fluctuations in regional rainfall or precipitation because
access to water is derived from a more extensive catchment
area.
Ficus species are likely to be preadapted to a wide range
of environmental niches (riparian, cliff faces, host-trees,
etc.) or climate envelopes where energy and water require-
ments can be maintained. Additionally, selection for
drought resistance is also highly feasible. Congeneric Ficus
species are known to have large differences in their ability to
use water and differ markedly in leaf traits, growth form,
vascular capacity, and stomatal control, some combinations
of which confer drought tolerance (Hao et al., 2010). A
trade-off is evident between more rapid growth rates, which
are advantageous in competing within canopied forests, and
the ability to cope with water stress in dry open environ-
ments. The desert species F. cordata and F. ilicina in
particular are generally much smaller than forest species,
and have smaller syconia and leaf surface area. Restriction
to more severe climates is possible if species are stress toler-
ant, but this tends to be offset by reduced growth rates and
perhaps lower competitive ability. Fig wasp pollinators are
especially sensitive to temperature increases and variation in
susceptibility to water stress across Ficus species (Herre,
1996). Larger syconia require higher rates of transpiration
to maintain internal temperatures compatible with fig wasp
physiological tolerances (Patiño et al., 1994). A relationship
between water conductivity and growth form and transpira-
tion has been proposed (Patiño et al., 1995). Extant Ficus
species show exceptional plasticity in fig size and habit.
Some are known to grow as an epiphyte, hemi-epiphyte,
lithophyte, or tree, thereby potentially altering hydraulic
architecture and conductivity in response to water availabil-
ity. The phenotypic characteristics of a Ficus species, such as
syconia dimensions, hardness, and volatile signature, might
alter in response to climate change, especially at the bound-
aries of a species’ range, where these effects are pronounced
(van Noort & Compton, 1996). These hypotheses remain
to be tested.
To be able to successfully utilize novel environments, it is
as much an advantage to be able to reproduce at low densi-
ties as to be able to outcompete other species’ recruitment
(Hutchinson, 1957; Cohen, 1977; Morowitz, 1980). The
obligate mutualism between Ficus and fig wasps is an effec-
tive means of pollination under low population densities
(Kjellberg & Valdeyron, 1990), but modeling approaches
(Brooker et al., 2007) have generated hypotheses showing
that, during the onset of harsh environmental conditions,
mutualists can suffer a reduction in population size in the
absence of long-distance dispersal and are displaced by com-
petitors. However, at faster rates of climate change,
mutualisms are less impacted by biotic interactions and gov-
erned more by environmental conditions.
In summary, Ficus species richness in savanna predomi-
nates in South Africa compared with forest and riparian
habitats. Climatic variables alone do not explain the geo-
graphical relationships among Ficus species, and
physiographic variables such as ‘landscape morphology’ and
the characteristics of fig wasp associates must also be
included in the model. Habitat categories represent a com-
plex combination of nonindependent environmental and
ecological variables that probably only partially ‘reconstruct’
the needs of the mutualism. However, climatic, environ-
mental, and ecological variables manifest as contrasting
community assemblages of the mutualism, especially
between tropical and desert biomes. The likelihood of
‘niche reconstruction’ occurring to permit the mutualism
diminishes and becomes rarer as the climatic, environmen-
tal, and ecological distance away from the pleisiotypic niche
increases. This is especially so in truly arid regions. Niche
axes should tend to converge toward, and be most con-
served at, the microhabitat level of the mutualism: the
syconium, the compartment where the essential reproduc-
tive processes of the mutualism take place.
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Hély C, Bremond L, Alleaume S, Smith B, Sykes MT, Guiot J. 2006.
Sensitivity of African biomes to changes in the precipitation regime.
Global Ecology and Biogeography 15: 258–270.
Herre EA. 1996. An overview of studies on a community of Panamanian
figs. Journal of Biogeography 23: 593–607.
Holt RD. 2003. On the evolutionary ecology of species’ ranges.
Evolutionary Ecology Research 5: 159–178.
Holt RD, Keitt TH. 2000. Alternative causes for range limits: a
metapopulation perspective. Ecology Letters 3: 41–47.
Huelsenbeck JP, Ronquist F. 2001. MRBAYES: Bayesian inference of
phylogeny. Bioinformatics 17: 754–755.
Hutchinson GE. 1957. A treatise on limnology. New York, NY, USA:
Wiley & Sons.
Jackson AP, Macado CA, Robbins N, Herre EA. 2008. Multi-locus
phylogenetic analysis of Neotropical figs does not support co-speciation
with the pollinators: the importance of systematic scale in fig ⁄ wasp
cophylogenetic studies. Symbiosis 45: 57–72.
Jacobs BF. 2004. Palaeobotanical studies from tropical Africa: relevance to
the evolution of forest, woodland and savannah biomes. Proceedings of
the Royal Society B 359: 1573–1583.
Jacobs BF, Kingston JD, Jacobs LL. 1999. The origin of grass dominated
ecosystems. Annals of the Missouri Botanical Garden 86: 590–643.
Jaenike J. 1990. Host specialization in phytophagous insects. Annual
Review of Ecology and Systematics 21: 243–273.
Janzen DH. 1979. How to be a fig. Annual Review of Ecology and
Systematics 10: 13–51.
Jermy T. 1976. Insect–host-plant relationship-coevolution or sequential
evolution? Symposia Biologica Hungarica 16: 109–113.
Jousselin E, Rasplus J-Y, Kjellberg F. 2003. Convergence and coevolution
in a mutualism: evidence from a molecular phylogeny of Ficus. Evolution
57: 1255–1269.
Kiester AR, Lande R, Schemske DW. 1984. Models of coevolution and
speciation in plants and their pollinators. American Naturalist 124:
220–243.
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